Endothelin-1 (ET-1), a 21-amino acid peptide secreted by the epithelium and core mesenchyme in the branchial arches as well as vascular endothelium, is involved in craniofacial and cardiovascular development through endothelin receptor type-A (EdnrA) expressed in the neural crest-derived ectomesenchyme. Here we show that ET-1 2/2 mutant mice exhibit a homeotic-like transformation of the lower jaw to an upper jaw. Most of the maxillary arch-derived components are duplicated and replaced mandibular arch-derived structures, resulting in a mirror image of the upper and lower jaws in the ET-1 2/2 mutant. As for hyoid arch-derivatives, the ventral structures are severely affected in comparison to the dorsal ones in the ET-1 2/2 mutant. Correspondingly, the expression of Dlx5 and Dlx6, Distalless-related homeobox genes determining the ventral identity of the anterior branchial arches, and of the mandibular marker gene Pitx1 is significantly downregulated in the ET-1 2/2 mutant, whereas the expression of Dlx2 and the maxillary marker gene Prx2 is unaffected or rather upregulated. These findings indicate that the ET-1/EdnrA signaling may contribute to the dorsoventral axis patterning of the branchial arch system as a mediator of the regional intercellular interactions.
Introduction
The branchial arch (BA) system is a conserved segmental primordium of the embryonic head in vertebrates. Each BA is covered by ectoderm-and endoderm-derived epithelium and is populated by cranial neural crest-and paraxial mesoderm-derived mesenchyme. During neural tube closure, cranial neural crest cells migrate ventrolaterally from the hindbrain and caudal midbrain in distinct streams and populate corresponding BA segments, where they surround a central core of mesoderm (Le Douarin and Kalcheim, 1999) . Neural crest cells originated from rhombomere (r) 1/r2 and r4 mainly contribute to the first (BA1) and second (BA2) BAs, respectively. In each BA, complex interactions among different cell populations are thought to determine their regional identity (Trainor and Krumlauf, 2001 ).
In the two anterior arches, BA1 and BA2, dorsoventral axis patterning is crucial for the appropriate formation of chondrocranial elements and associated dermal bones. As for BA1, it is subdivided along the dorsoventral axis into the maxillary and mandibular arches, which give rise to the upper and lower jaws, respectively. Recently, molecules that may be involved in the determination of their identities have been explored and the Dlx genes, vertebrate Distal-less homologues, have been spotlighted (Merlo et al., 2000; Graham, 2002; Depew et al., 2002a; Panganiban et al., 2002) . Among the six known Dlx genes, Dlx5 and Dlx6 are expressed in the ventral part of BA1 (Qie et al., 1997; Depew et al., 1999) . Dlx5 2/2 and Dlx6 2/2 double mutant mice demonstrate homeotic-like transformation of the lower jaw into an upper jaw, indicating that Dlx5 and Dlx6 are major determinants of the mandibular identity (Depew et al., 2002b; Beverdam et al., 2002) .
Endothelin-1 (ET-1), a 21-amino acid peptide originally identified as a vascular endothelium-derived vasoconstrictor (Yanagisawa et al., 1988) , and endothelin receptor type-A (EdnrA) has proven to participate in BA development.
Defects in the ET-1/EdnrA pathway results in the malformation of BA-derived craniofacial structures in mice (Kurihara et al., 1994 (Kurihara et al., ,1995 Clouthier et al., 1998) , birds (Kempf et al., 1998) and fish (Miller et al., 2000) . ET-1 is expressed in the epithelium and paraxial mesoderm core of the BAs, whereas EdnrA is in neural crest-derived ectomesenchymal cells (Kurihara et al., 1994 (Kurihara et al., ,1995 Maemura et al., 1996; Clouthier et al., 1998) . Thus, it is assumed that ET-1 acts as a mediator of the regional intercellular interactions and affects EdnrA-expressing neural crestderived ectomesenchyme. Subsequent studies have revealed that the expression of several genes including dHAND, eHAND, Goosecoid, Dlx3 and Dlx6 are downregulated in ET-1 2/2 or EdnrA 2/2 BAs, suggesting that these transcriptional factors may be downstream to the ET-1/EdnrA signaling pathway (Thomas et al., 1998; Clouthier et al., 1998 Clouthier et al., ,2000 Kurihara et al., 1999; Charité et al., 2001) . Especially, the fact that members of the Dlx genes are downregulated in ET-1 2/2 or EdnrA 2/2 mice lead us to hypothesize that the ET-1/EdnrA pathway may be directly involved in the specification of intramandibular arch patterning. Here we show evidences for this hypothesis by revisiting the phenotype of ET-1 2/2 mice and examining gene expression in the BAs. Remarkably, the morphology and gene expression patterns of the lower jaw seem to transform to those of an upper jaw in the absence of the ET-1 signaling. From the present finding, we conclude that the ET-1/EdnrA signaling may participate in the dorsoventral axis patterning of the BA system as a mediator of the epithelial-mesenchymal interactions.
Materials and methods

Mice
The ET-1 2/2 mouse was described previously (Kurihara et al., 1994) . The animals were maintained on a light-dark cycle with light from 9:00 to 21:00 at 25 8C and were fed with a normal diet and water ad libitum. Mice heterozygous for ET-1 2 mutant allele with the genetic background of ICR were mated to obtain ET-1 2/2 homozygous embryos. The noon of the day on which vaginal plugs were detected after timed mating was considered as E0.5. Pregnant mice were sacrificed by cervical dislocation and the embryos or fetuses were dissected from uterine decidua. ET-1 2/2 homozygous embryos were identified by their characteristic craniofacial abnormalities and genotypes were confirmed by PCR analysis of tail genomic DNA samples.
Skeletal staining
For whole-mount analysis of skeletal tissues, embryo and organ culture samples were stained with alcian blue for cartilage as previously described (McLoad, 1980) . The samples were fixed in 95% ethanol for 5 days, placed in acetone for 2 days and incubated with 0.015% alcian blue 8GS, 0.005% alizarin red S and 5 acetic acid in 70% ethanol for 3 days. After washing in distilled water, the samples were cleared in 1% KOH for 2 days and in 1% KOHglycerol series until surrounding tissues turned transparent. The specimens were stored in 50% glycerol.
In situ hybridization
Whole-mount fixation and in situ hybridization were performed according to the procedure described by Wilkinson (1992) . Embryos were fixed 2 h in 4% paraformaldehyde in PBS. After dehydration/rehydration with methanol, the embryos were bleached for 1 h in 6% H 2 O 2 and then washed again in PBT three times. The samples were treated with 10 mg/ml proteinase K for 20 min, washed with 2 mg/ml glycine in PBT, and postfixed in 4% paraformaldehyde and 0.2% glutaraldehyde for 20 min. After this pre-treatment, the samples were pre-hybridized for 1 h at 70 8C in 50% formamide, 5 £ SSC (1 £ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 1% SDS, 50 mg/ml heparin and 50 mg/ml yeast tRNA. With 1 mg/ml digoxygenin-labeled RNA probe in the hybridization buffer, the samples were hybridized overnight at 70 8C. They were then washed three times in 50% formamide and 5 £ SSC for 30 min at 70 8C, then in 0.5 M NaCl, 10 mM Tris -HCl (pH7.5), 0.1% Tween-20 for 5 min and treated with 100 mg/ml RNase for 30 min. After a final wash in 50% formamide, 2 £ SSC for 1 h at 65 8C, the samples were pre-blocked with sheep serum, incubated with alkaline phosphatasecojugated anti-digoxygenin antibody, and stained with nitro blue tetrazolium and 5-bromo-4-chloro-3-indoyl phosphate.
The Sox9 riboprobe was prepared as described Wright et al. (1995) . The other probes were prepared from plasmids containing each cDNA fragment obtained by RT-PCR.
Results
External features of the ET-1
2/2 mutant
We have previously described the phenotype of the ET-1 2/2 mutant as morphological abnormalities of the BA-derived craniofacial tissues (Kurihara et al., 1994) . A close scrutiny led us to interpret the abnormalities more appropriately. Fig. 1A shows a frontal view of an E18.5 wild-type and ET-1 2/2 mice. The lower jaw of the ET-1 2/2 mutant has a second set of vibrissae, normally restricted to the upper jaw, and looks like a mirror image of the upper jaw without a frontonasal process. Duplicated arrays of vibrissae in ET-1 2/2 mutants were more clearly reflected by the expression pattern of Bmp4 (Fig. 1C,D) and Sox9 (Fig. 1E ,F) at E12.5 and E13.5, respectively (Beverdam et al., 2002; Wright et al., 1995) .
Homeotic-like transformation of lower jaw skeleton in the ET-1
The mirror image of the lower and upper jaw appearance lead us to hypothesize that the mutant lower jaw might be transformed into an upper jaw. To test this hypothesis, we re-examined the craniofacial skeleton of E18.5 ET-1 2/2 mutants. In the ET-1 2/2 mutant, structures corresponding morphologically to the mandible and Meckel's cartilage were little identified in the lower jaw except for a vestige of Meckel's cartilage-like structure in the dorsalmost region (Fig. 2, and Fig. 3b in Kurihara et al., 1994) . Instead, the mutant lower jaw appeared to have a duplicated set of the upper jaw elements (Fig. 2) . A lateral view of the temporal region of the mutant showed a symmetrical appearance of the ectopic jugal (jg*), which interconnects between the squamosal and an aberrant bone resembling the maxilla (mx*) (Fig. 2B,D,F) . Symmetrical appearance of the maxilla (mx) and aberrant bone in the lower jaw (mx*) in the ET-1 2/2 mutant was evident from a dorsomedial view (Fig. 2G) . From a caudal view of the mutant skull base, we could identified another ectopic bone between the ectopic maxilla and basisphenoid, which was morphological similar to the palatine bone (pl*) (Fig. 2D,I ). In addition, duplicated ala temporalis (at*) and lamina obturans (lo*) were identified in the mutant (Fig. 2D,I ).
In the mutant ear, the tympanic ring and gonial bone were absent (Fig. 2K) . The malleus was deformed or possibly transformed into an incus-like structure and aberrant cartilaginous bodies were observed instead of Meckel's cartilage (Fig. 2K) . The incus and stapes could be identified in many mutants but they were also deformed and no The upper and lower jaws (uj and lj, respectively) of wild-type and ET-1 2/2 E18.5 fetuses. The mutant lower jaw (uj*) appears to be a mirror image of the upper jaw. (B, C) Whole-mount in situ hybridization on wild-type (B) and ET-1 2/2 (C) E12.5 embryos using a Bmp4 probe. (D, E) Whole-mount in situ hybridization on wild-type (D) and ET-1 2/2 (E) E13.5 embryos using a Sox9 probe. Bmp4 and Sox9 are expressed in the primordia of the vibrissae in the maxillary arches (vb); note the duplicate arrays of Bmp4 and Sox9-expressing vibrissal primordia in the transformed lower jaw (vb*) of the ET-1 2/2 embryo.
incudo-stapedial joint was formed (Fig. 2K) . As for BA2 derivatives other than middle ear ossicles, the styloid process was absent and the hyoid was largely deformed and fused to the pterygoid process in the ET-1 2/2 mutant (Fig. 2D,I ,K). In contrast to abnormalities in the mandibular and hyoid arch-derived components, other skeletal structures including the maxillary BA1, frontonasal prominences and neurocranium were little affected. The skeletal phenotype of the ET-1 2/2 mutant is summarized in Fig. 3 .
Gene expression in the ET-1 2/2 mutant
Previous reports have demonstrated that Dlx3 and Dlx6 gene expression is downregulated in the BA1 of EdnrA 2/2 mice (Clouthier et al., 1998 (Clouthier et al., , 2000 Charité et al., 2001 ), whose phenotype is equivalent to that of ET-1 2/2 mice. However, the precise region of Dlx6 expression affected by inactivation of the ET-1/EdnrA pathway has not been well characterized. Also it remains unknown whether the expression of Dlx5, which is essential for the specification of intramandibular arch patterning in cooperation with Dlx6, is downregulated. To determine whether and how the expression of Dlx5 and Dlx6 is affected in ET-1 2/2 mutants, we performed whole-mount in situ hybridization of E9.5 mouse embryos.
In E9.5 wild-type embryos, Dlx5 and Dlx6 were expressed in a similar pattern in the mandibular and hyoid arches (Fig. 4A,E) . In contrast, E9.5 ET-1 2/2 mutants demonstrated no Dlx5 and Dlx6 expression in both arches (Fig. 4B,F) . At E10.5, Dlx5 and Dlx6 expression in (B) mice. All the mandibular components are missing in the mutant. Instead, ectopic jugal (jg*), maxillary (mx*) and palatine (pl*) bones are found in the mutant lower jaw. The hyoid is fused to the pterygoid in the mutant (arrowhead in B and E). (C, D) Caudal view of wild-type (C) and ET-1 2/2 (D) skulls. In addition to ectopic jugal (jg*), maxillary (mx*) and palatine (pl*) bones in the lower jaw, duplicated ala temporalis (at*) and lamina obturans (lo*) are identified in the mutant. (E, F) Excised skeletal elements constituting the upper jaws of wild-type (E) and ET-1 2/2 (F) mice. Ectopic jugal (jg*) and maxillary (mx*) bones in the ET-1 2/2 lower jaw are included in H. Additionally, squamosal bone is slightly deformed in ET-1 2/2 mice (arrow). (G) Dorsomedial view of the maxillary (mx) and ectopic maxillary (mx*) bones in ET-1 2/2 mice. From this view, symmetrical morphology of the two bones is apparent. (H, I) High magnification of the skeletal components aroud the pterygoid process in wild-type (H) and ET-1 2/2 (I) mice. Duplicated ala temporalis (at*), lamina obturans (lo*) and palatine (pl*) bones are evident in the mutant. (J, K) Lateral views of wild-type (J) and ET-1 2/2 (K) ears. In the mutant in this picture, the incus and stapes are identified but no incudo-stapedial joint is formed. The malleus is deformed or possibly transformed into an incus-like structure (*) and aberrant cartilaginous bodies (arrowheads) are observed, whereas the tympanic ring, gonial bone and styloid process are absent in the mutant. als, alisphenoid; at, ala temporalis; bs, basisphenoid; hy, hyoiud; in, incus; iof, infraorbital foramen; jg, jugal; lo, lamina obturans; ma, malleus; Mc, Meckel's cartilage; md, mandible; mx, maxilla, pl, palatine; pmx, premaxilla; pp, palatal process of maxilla; sp, styloid process; sq, squamosal; st, stapes; ty, tympanic ring; zp, zygomatic process of maxilla. the ventral regions of the mandibular and hyoid arches was abolished in ET-1 2/2 mutants, whereas that in the dorsal regions was not affected (Fig. 4C,D,G,H) . These results suggest that Dlx5 and Dlx6 expression in the mandibular and hyoid arches is completely dependent on the ET-1/ EdnrA signaling at the initial stage of the specification of intramandibular arch patterning, whereas the later expression of Dlx5 and Dlx6 in the dorsal region may appear independent of the ET-1/EdnrA signaling.
To further explore possibility that the lower jaw is transformed into an upper jaw in the ET-1 2/2 mutant, we examined the expression of genes involved in BA development. In contrast to Dlx5/6 expression, Dlx2 expression was maintained in the mandibular arch of E9.5 ET-1 2/2 embryos, although it was slightly diminished in the mutant hyoid arch (Fig. 5A,B) . Dlx1 expression was also unaffected in ET-1 2/2 embryos (data not shown). At E10.5, the expression of Pitx1, which is normally expressed in the mandibular arch (Lanctôt et al., 1997) , was lost in the ET-1 2/2 branchial mesenchyme, whereas its epithelial expression was preserved (Fig. 5C,D) . In addition, we have previously demonstrated that the expression of dHAND and eHAND are downregulated in the ET-1 2/2 mutant (Thomas et al., 1998) . Inversely, the expression of Prx2, a gene involved in the maxillary arch development (Lu et al., 1999) , was rather expanded caudally within the ET-1 2/2 mandibular arch (Fig. 5E,F) . Taken together, these results indicate that the expression of genes typical of the mandibular arch is specifically downregulated in the ET-1 2/2 mutant.
Discussion
We and other groups have reported that inactivation of the ET-1/EdnrA signaling pathway results in craniofacial malformation in mice (Kurihara et al., 1994 (Kurihara et al., ,1995 Clouthier et al., 1998) , chick (Kempf et al., 1998) and zebrafish (Miller et al., 2000) . However, the nature of the morphological abnormalities has not been well characterized. In the present study, we demonstrate that the external appearance and skeletal structures of the ET-1 2/2 mutant lower jaw appear mirror images of the upper jaw, whereas the upper jaw are morphologically little affected. In addition, the expression of mandibular marker genes was specifically downregulated in the in the ET-1 2/2 mutant, whereas maxillary marker gene expression was unaffected or rather expanded. Thus, we now interpret the phenotype of the ET-1 2/2 mutant as a homeotic-like transformation of the lower jaw to an upper jaw rather than a result of poor growth and/or differentiation of the neural crest-derived cell lineages. As for hyoid arch-derivatives, the ventral structures (e.g. the lesser horn and body of the hyoid) appear more severely affected in comparison to the dorsal structures (e.g. stapes) in the ET-1 2/2 mutant, although no homeotic-like transformation is evident.
Hox-negative neural crest cells arising from the midbrain and rostral hindbrain migrate into BA1, where they receive inductive signals from the endoderm and differentiate into ectomesenchyme to form various structures such as bone, cartilage and teeth (Couly et al., 2002) . ET-1 is expressed in the branchial pouch endoderm as well as in the surface ectoderm and core mesoderm (Kurihara et al., 1994; Maemura et al., 1996) . In contrast, EdnrA is expressed in the neural crest-derived ectomesenchyme in the BAs (Clouthier et al., 1998) . Thus, ET-1 may participate in patterning of the mandibular arch as one of the signals from the endoderm and/or other cell populations acting on the ectomesenchyme.
It has been suggested that the Dlx genes are major determinants of regional identities within the BA1 Fig. 4 . Whole-mount in situ hybridization on wild-type (A, C, E, G) and ET-1 2/2 (B, D, F, H) embryos using Dlx5 (A-D) and Dlx6 (E-H) probes. At E9.5 (A, B, E, F), Dlx5 and Dlx6 are expressed in the mandibular and hyoid arches of wild-type embryos, whereas no Dlx5 and Dlx6 expression is observed in the branchial region of the ET-1 2/2 mutant. At E10.5 (C, D, G, H), Dlx5 and Dlx6 are also detected in the mandibular and hyoid arches of wild-type embryos. In the ET-1 2/2 mutant, Dlx5 and Dlx6 expression is not detected in the distal regions of the mandibular and hyoid arches, whereas expression is not affected in the proximal regions of both arches. mx, maxillary arch; md, mandibular arch; hy, hyoid arch. (Merlo et al., 2000; Panganiban and Rubenstein, 2002) . The Dlx genes are expressed in the anterior two BAs in a nested pattern (Qie et al., 1997; Depew et al., 1999) . Dlx1 and Dlx2 are widely expressed within the BAs, whereas other Dlx genes are expressed more ventrally. Recently, Dlx5 2/2 and Dlx6 2/2 double mutant mice has been shown to exhibit homeotic-like transformation of the lower jaw into an upper jaw, clearly indicating that Dlx5 and Dlx6 determine the ventral identity within the anterior BAs (Depew et al., 2002b; Beverdam et al., 2002) . Interestingly, the ET-1 2/2 mutant and the Dlx5 2/2 -Dlx6 2/2 double mutant are very similar in lower jaw morphology and gene expression patterns. Dlx5 and Dlx6 expression in the ventral region of the mandibular and hyoid arches is downregulated in the ET-1 2/2 mutant, whereas Dlx1 and Dlx2 expression remains almost intact. Taken together, these results indicate that the ET-1/EdnrA signaling may govern dorsoventral mandibular patterning by regulating Dlx5 and Dlx6 expression.
It is noteworthy that simultaneous deletion of Dlx5 and Dlx6 results in severe malformations involving not only the mandibular arch but also the maxillary arch and many elements of the neurocranium. For example, the loss of Dlx5 and Dlx6 in the olfactory placode leads to disturbed integration of the frontonasal prominence with the maxillary arch (Depew et al., 2002b; Beverdam et al., 2002) . This is in contrast to the ET-1 2/2 mutant, in which most components of the maxillary arch, frontonasal prominence and neurocranium are little affected. Correspondingly, the downregulation of Dlx5 and Dlx6 expression is restricted to the ventral region of the mandibular and hyoid arches in the ET-1 2/2 mutant. Thus, Dlx5 and Dlx6 may contribute to the determination of the whole cranial morphology beyond intraBA identity, and the ET-1/EdnrA signaling appears to regulate specifically the expression of Dlx5 and Dlx6 in the ventral region of the anterior BAs, whereas Dlx5 and Dlx6 expression in other craniofacial regions is independent of the ET-1/EdnrA signaling.
The present results indicate that the ventral BA1 may develop dorsal (maxillary) identity as a 'default' state in the absence of the ET-1/EdnrA signaling in mice. Similar phenomenon has been recently reported in the hyoid dermal bone of ET-1-deficient zebrafish. Mild reduction in ET-1 by morpholino results in homeotic-like transformation of the ventral branchiostegal rays into the dorsal opercle (Kimmel et al., 2003) . In zebrafish, however, severe reduction in ET-1 causes a loss of both the branchiostegal rays and opercle (Kimmel et al., 2003) . In the zebrafish mandibular arch, ventral cartilage reduction and dermal bone fusions, rather Fig. 5 . Whole-mount in situ hybridization on wild-type (A, C, E) and ET-1 2/2 (B, D, F) embryos using Dlx2 (A, B), Pitx1 (C, D) and Prx2 (E, F) probes. Dlx2 expression in the BA1 is not largely affected by ET-1 null mutation at E9.5, whereas that in the hyoid arch is slightly diminished. At E10.5, Pitx1 expression in branchial mesenchyme is not detected in the ET-1 2/2 mutant, although its epithelial expression is preserved. In contrast, Prx2 expression is expanded caudally within the mandibular arch in the ET-1 2/2 mutant. mx, maxillary arch; md, mandibular arch; hy, hyoid arch.
than homeotic-like transformation, occur with severe ET-1 loss (Kimmel et al., 2001 (Kimmel et al., ,2003 . Thus, ET-1 may be a morphogen specifying ventral identity of the BAs, although the feature of the 'default state' seems to be different among species. Regulatory cascade from the ET-1/EdnrA signaling to Dlx5/6 expression remains to be little known. Recently, Ivey et al. have demonstrated that gene expression of the ET-1-dependent transcription factors Dlx3, Dlx6, dHAND and eHAND was significantly downregulated in Ga q =Ga 11 -null embryos, indicating that Ga q and Ga 11 may serve as the intracellular mediators of ET-1/EdnrA signaling in the BA mesenchyme (Ivey et al., 2003) . This argument is consistent with previous pharmacological findings that EdnrA preferentially couples with the Ga q class of G-proteins (Kedzierski et al., 2001 ). However, the pathway from Ga q =Ga 11 to the expression of Dlx5/Dlx6 is completely unknown. This issue may be addressed in future by in vivo gene manipulation specific for EdnrA þ neural crest cells contributing the BA mesenchyme.
Finally, we summarize the proposed role of the ET-1/EdnrA signaling in the dorsoventral BA patterning in a schematic diagram (Fig. 6) . ET-1 is secreted from the epithelium and paraxial mesoderm core of the BAs to establish ET-1 þ ventral region, where EdnrA þ cranial neural crest cells receive the ET-1 signal. ET-1-bound EdnrA then activate heterotrimeric G-protein G q/11 , leading to the expression of Dlx5 and Dlx6 and specification of the ventral identity of the anterior BAs. Thus, the ET-1/EdnrA signaling participates in the BA dorsoventral axis patterning as a mediator of the regional intercellular interactions.
